p-ZnO/ i-CdZnO/ n-ZnO was grown on n-type Si substrates by plasma-assisted molecular-beam epitaxy. Rectifying I-V curves show typical diode characteristics. Blue electroluminescence emissions at around 459 nm were observed when the diodes were forward-biased at room temperature. The emission intensity increases with the increase of the injection current. Temperature dependent electroluminescence measurements suggest that the peak positions of blue emissions represent the band gap of the CdZnO active layer, which changes with the temperature.
As a direct wide band gap material, ZnO attracts considerable attention for light emitting devices. 1 Reliable and highly efficient blue and green light emitting diodes ͑LEDs͒ are in high demand for daily uses. ZnO has some superior properties, such as large exciton binding energy of 60 meV. By alloying with MgO, the band gap of ZnO can be extended wider, 2 while it can also be adjusted from 3.3 to 1.8 eV by alloying with CdO. [3] [4] [5] This makes ZnO based light sources emitting light from ultraviolet region to green band or even further. There have been several attempts to obtain visible light emissions from ZnO based heterojunction with CdZnO as active layers. 6, 7 However, other materials such as p-SiC ͑Ref. 7͒ and p-GaN ͑Ref. 7͒ were used as p-type layer. Our group has demonstrated stable Sb doped p-type ZnO grown on Si substrate 8 and several ZnO hetero-and homojunction devices using Sb doped ZnO as p-type layer.
9-11 Dominant UV emissions have been achieved. 11 In this paper, we demonstrate ZnO based double heterojunction LED devices using Sb doped ZnO as p-layer, and inserted CdZnO as active layer. Visible blue emissions were observed and studied.
ZnO based heterojunction diode were grown by plasma-assisted molecular-beam epitaxy ͑MBE͒ on n-type ͑1-10 ⍀ cm͒ Si ͑100͒ substrate. Elemental Zn ͑6N͒, Cd ͑6N͒, Ga ͑6N͒, and Sb ͑6N͒ heated by effusion cells were used as metal sources. Oxygen ͑5N͒ plasma generated by a radiofrequency plasma generator was used as the oxygen source. The bottom inset of Fig. 3 shows the structure of the sample. A 30 nm thin layer of Ga-doped ZnO was first deposited on n-type Si͑100͒ substrate at 450°C, followed by the deposition of 100 nm CdZnO at 150°C. Then the sample was in situ annealed at 800°C for 5 min under vacuum. A 400 nm Sb-doped ZnO layer was then deposited at 500°C. The sample was in situ annealed again at 800°C for 20 min. Room temperature ͑RT͒ photoluminescence ͑PL͒ measurements were carried out using a homebuilt PL system, with a 325 nm He-Cd laser as excitation source and a photomultiplier tube behind the monochrometer as detector. Sample was etched by diluted hydrochloride acid to different depth to investigate the PL emission from different layers. Heterojunction diodes were fabricated by standard photolithography techniques. Etching was done using diluted hydrochloride acid to reach down to the substrate. Mesas with size of 800ϫ 800 m 2 were formed on the sample. Metal contacts were deposited by e-beam evaporator. Au/Ni contacts with thicknesses of 200/10 nm were used on Sb-doped ZnO, and Au/Ti contacts with thicknesses of 200/10 nm were used for contacts on Si. Au/Ni contacts were subjected to rapid thermal annealing ͑RTA͒ under nitrogen ambient at 750°C for 60 s to form ohmic contacts, while Au/Ti contacts were annealed by RTA at 500°C for 60s. Current-voltage ͑I-V͒ characteristics were measured using Agilent 4155C semiconductor parameter analyzer. Electroluminescence ͑EL͒ measurements were carried out in the same system as PL measurement. Figure 1 shows the secondary ion mass spectroscopy ͑SIMS͒ measurement results of the sample. Zn, O, and Sb uniformly distribute in the top 400 nm of the film, while Sb concentration dramatically decreases beyond 400 nm and Cd distributes across 100 nm below. A thin Ga-doped ZnO layer beneath CdZnO layer is also confirmed by the SIMS. However, the elemental profiles in the thin GaZnO ͑ϳ30 nm͒ layer are not flat, which is due to the interdiffusion between the GaZnO layer and the Si substrate during twice high temperature thermal annealing during growth. Figure 2 shows the room temperature PL of the sample at the surface and 100 nm from substrate, which correspond to Sb-doped ZnO a͒ Author to whom correspondence should be addressed. Electronic mail: jianlin@ee.ucr.edu. layer and CdZnO layer respectively. PL from Sb-doped ZnO layer ͑blue line͒ shows ZnO near band edge ͑NBE͒ emission at 378 nm, while PL from CdZnO layer ͑red line͒ is dominated by NBE emission of CdZnO active layer at 445 nm. There is also a weaker ZnO NBE emission peak at around 380 nm together with the CdZnO peak, which may come from the GaZnO layer underneath. The PL intensity from CdZnO layer is much stronger than the PL intensity from Sb-doped ZnO layer. This may be due to the lower crystal quality as a result of the incorporation of large Sb atoms into the film. Figure 3 shows the I-V curve of the sample with voltage configuration shown in the bottom inset. It shows typical diode characteristic under forward bias. Top inset shows good ohmic contact characteristics on both Sb-doped ZnO and Si after RTA. The energy band diagram of the sample is shown in Fig. 4 . The room temperature PL peak position is approximately used as the band gap of CdZnO layer, which is about 2.79 eV. The Cd concentration is calculated using the relation E g ͑x͒ = 3.37− 2.82x + 0.95x 2 from Ref. 12 to be 0.22. The electron affinity of CdZnO layer is estimated to be 4.34 eV by assuming it is linearly distributed between 4.3 eV ͑ZnO͒ and 4.5 ͑CdO͒. 6, 13 So there is a 0.04 eV difference in electron affinity between CdZnO layer and Sb-doped ZnO layer on the top heterointerface, or Ga-doped ZnO layer at the bottom interface, respectively. The electron affinity between Ga-doped ZnO and Si substrate is 0.3 eV.
14 From the band alignment, it is evident that a double heterojunction is formed. RT EL spectra of the sample at different injection current are shown in Fig. 5 . The RT EL emission is dominated by the NBE emission from CdZnO active layer at around 459 nm under 30 mA injection current, which corresponds to the RT PL emission from CdZnO layer. The slight difference in peak positions may come from the non-uniformity of the sample. There are also weak emissions at around 392 nm when injection current goes above 70 mA; it should come from some weak carrier recombinations in Ga-doped ZnO or Sb-doped ZnO layer. Comparing the RT PL and EL, it confirms that the observed EL spectra mainly come from the radiative recombination in CdZnO active layer.
To further confirm the NBE emission from CdZnO, temperature dependent EL measurements from 9 to 300 K were carried out on the sample at an injection current of 80 mA. Figure 6 shows the results. The EL emission peak energy decreases from 2.90 eV ͑428 nm͒ at 9 K to 2.63 eV ͑472 nm͒ at 300 K. The emission peak at 300 K is slightly different from the one in Fig. 5 ͑459 nm at 30 mA͒; it may be due to the nonuniformity of the sample and heat induced band gap shrinkage at higher injection current. The temperature dependence of the exciton energy in direct band-gap material follows Varshni equation, E͑T͒ = E͑0͒ − ␣T 2 / ͑T + ␤͒, 5,15 ␣ and ␤ are fitting parameters, which are calculated to be ␣ = 1.2 eV/ K and ␤ = 84 K. The peak values agree with the fitting curve well. It suggests that the EL emissions come from the NBE emission of CdZnO layer and the red shifts of peak position is due to temperature induced band gap shrinkage.
In summary, ZnO based heterojunction using Sb doped ZnO as p-type layer was grown by MBE. CdZnO active layer was used between p-layer and n-layer to achieve smaller band gap. Dominant blue EL emissions were observed at RT. RT PL measurements at different thicknesses and temperature dependent EL confirmed that these emissions come from the radiative recombinations in CdZnO active layers in the film. 
